I. INTRODUCTION
M odular multilevel converters (MMCs) have been quickly adopted by the industry for HVDC applications, outperforming existing voltage-source converters and linecommutated inverters both in terms of efficiency and controllability. Thanks to their modular nature, a single submodule (SM) has to be designed. In that design process, an accurate loss evaluation is mandatory. Unlike classical topologies, MMC features an additional degree of freedom: the circulating current-an internal quantity used to control the converter's internal energy balance. The circulating current can be shaped by some control objective and its harmonic content is subject to variation, involving both DC and AC components of certain frequencies. During operation, this affects the semiconductor losses and has to be accounted for. In contrast to conventional converter topologies, it makes sense to calculate the losses in closed-loop operation, where the shape of the circulating current can be accurately determined. This is further motivated by the fact that the required branch inductance values for direct modulation operation, where the circulating current is not actively controlled, are much larger compared to the case with active circulating current control, as attested by the impedance comparison in [1] , which revisited the findings from [2] . Hence, if the circulating current is actively controlled, the sensitivity to the choice of the branch inductance is significantly reduced, as it is almost fully decoupled from the shape of the circulating current, as long as the provided inductance allows to get control over the circulating current.
Regarding the modulation, two concurrent pulse width modulation (PWM) methods are found in the literature: 1) based on level-shifted PWM combined with a sorting algorithm (as originally proposed in [3] ) and 2) based on phase-shifted PWM (PS-PWM) (as initially proposed in [4] ) with an inherent branch balancing capability if the switching frequency is not an integer multiple of the fundamental AC grid frequency [5] . With the latter method, some uncertainty stemming from the sorting algorithm has to be managed or circumvented, as the link between the apparent switching frequency (branch voltage waveform) and the SM switching frequency is not obvious. So far, to the best knowledge of the authors, the influence of the modulation scheme and branch balancing method on the SM losses has not been evaluated. While the conduction losses depend on the operating point of the converter and thus cannot be reduced through control means once the circulating current harmonic content is set, the switching losses directly depend on the switching frequency experienced by each SM, its position inside the switching sequence and associated voltages and currents.
The MMC prototype, currently under development, has the following rating: 10 kV DC bus, 0.5 MVA apparent power and uses 96 SMs with low-voltage insulated gate bipolar transistor (IGBT) semiconductors (Semikron, SK 100 GH 12T4 T) that can be configured into unipolar or bipolar SM [6] , [7] . The targeted application is the interconnection of the widely deployed 400 V low voltage AC (LVAC) grid, or corresponding microgrid, with the emerging medium voltage DC (MVDC) grids (10 kV is considered in our case) [8] . For that reason, the converter has to deal with a large voltage ratio and the use of a transformer for galvanic isolation and voltage adaption is mandatory. The MMC with external low frequency transformer (LFT) is presented in Fig. 1 .
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. To aid system design, this paper proposes a semi-numerical method for loss calculation of the MMC SM using the virtual submodule (VSM) concept. The MMC semiconductor losses were obtained by simulation [9] , [10] or numerically considering direct modulation for HVDC application in mind, with a DC circulating current and without considering the capacitor losses [11] . In contrast, the proposed method allows for a fast estimation of the SM losses under different operating conditions, control schemes (e.g., effects of the circulating current injection strategy), and modulation methods under the assumption of a stable operation of these schemes in steady state. To verify the validity of the proposed method, a comparison with a fully switched converter model has been carried out. This paper is organized as follows: Section II presents the analytical description of the key MMC waveforms relevant for the scope of the paper. The proposed method is described in Section III. The switched model along with a brief description of its control scheme are presented in Section IV, and is used for benchmarking purposes. The loss tool and its integration into the models is presented in Section V. Simulation results along with a comparative assessment are presented in Section VI. Summary and conclusion are provided in Section VII.
II. ANALYTICAL DESCRIPTION OF THE MMC KEY WAVEFORMS
The analytical averaged model accounts for all parasitic elements in the circuit, especially the branch inductance L br , which was the main motivation of [12] compared to the simplified models of [13] , [14] , as well as the circulating current in steady state, where no large branch energy imbalances occur. The derivation starts from the expressions of the branch voltage (e p/n ) and current (i p/n ). Two scenarios for the branch voltage have to be accounted for in (1), depending on the presence or not of a common mode (CM) voltage term made from a combination of one or more triplen harmonics, which can be used to extend the linear modulation range up to k AC = 2/ √ 3. In addition, two scenarios can be analyzed regarding the shaping of the circulating current in (2): 1) no second harmonic circulating current, which corresponds to a circulating current suppression controller alike behavior and 2) second harmonic circulating current injection, which was initially proposed in [13] to reduce the capacitor voltage ripple. Consequently, the branch current contains three terms:
1) a DC term, which corresponds to the active power exchange between the DC and AC grids; 2) a fundamental frequency AC term, which corresponds to half the AC grid current i g ; 3) an optional second harmonic circulating current term, with amplitudeî circ,2 and phase θ 2 = φ
optional second harmonic term (2) where V DC is the DC-link voltage, k AC = 2v g /V DC the voltage ratio between the three-phase and DC grids, ω the grid frequency, k ∈ {1, 2, 3} the phase number, S the apparent power of the converter and φ the load angle. The expressions forî g and i circ,2 are given in the following equations:
The expression for the DC current is subject to a quadratic equation, whose negative root is generally selected [15] 
The next steps resemble the method used to size the branch capacitor: The branch power variation is obtained by taking the product of (1) and (2) . Then, by integration, the branch energy variation is obtained and centered around 0, which is further transformed into a capacitor voltage ripple (
2 /2 to ac- count for a capacitor charging level as V C Σ = k DC V DC ) that finally leads to the branch modulation index expressions m p/n = e p/n / v C Σp/n . The analytical expressions for these quantities can be found in [12] . The relevant waveforms are illustrated in Fig. 2 . They are directly plotted using the above derived set of expressions and the parameters of Table I .
Please note that the underlying assumptions here are that the voltage deviation of each capacitor in a branch with respect to the average branch capacitor voltage is negligible to compute the switching losses (see Fig. 3 ) and that the branch current ripple is small enough to be neglected (it is not an objective to capture them in the VSM concept). Otherwise, there will be an error coming from the nonlinearity of the switching losses.
III. VSM CONCEPT
Considering the operating principle of an MMC and the previously introduced assumptions, all the relevant waveforms are identical for each SM. The modulation can be modified in order to capture and direct all switching events to only one VSM, as shown in Fig. 4 . The VSM concept allows for significant simplifications, and its validity is restricted under the conditions already discussed. Thus, a slight deviation from a purely analytical method is required in order to compress multiple PWM signals into a representative train of pulses.
A. MOD Block
The classical case is presented in Fig. 5 , for both PD-PWM on the right-hand side and PS-PWM (or APOD-PWM, as the obtained switching pattern is identical) on the left-hand side. All the switching events that occur in the four carrier bands, that are by essence two-level switching waveforms (alternating turn-ON-turn-OFF-turn-ON sequence) are summed up in order to obtain the multilevel switching pattern. Each switching event is denoted by a symbol. The carrier bands are defined as the levels {0, 1/N sm , . . . , 1}, i.e., N sm + 1 voltage levels are synthesized by a branch with two-level unipolar SMs. Each carrier band is "active" only when the reference signal is between the . The gray shaded areas on the carrier bands plots show the "active" carrier, which defines the carrier used for the single-carrier PWM. Please note that for illustration purpose a sinusoidal reference signal has been selected, but the single-carrier PWM is not limited to sinusoidal reference. upper and lower bound of one carrier band. Hence, those intervals could be all connected together to form the single-carrier PWM.
The single-carrier PWM principle is shown in Fig. 6 , again for both PD-PWM and PS-PWM/APOD-PWM. In the top plot, the dotted line corresponds to the quantizer signal, defined as floor (N sm · ref) /N sm . The intersection of the reference with the carrier bands are denoted by a symbol. Those events do not coincide with the switching transitions of Fig. 5 . The single carrier is constructed by merging the active carrier regions into one signal. For PD-PWM, as the carriers are identical for all bands, the single carrier waveform does not differ from any band carrier waveform. This differs for PS-PWM/APOD-PWM, as the carrier waveforms are phase-shifted by 180
• between neighbor- ing carrier bands. Therefore, these 180
• phase jumps persist in the single carrier waveform. The information contained in the single-carrier switching pattern itself would result in a two-level switching waveform, if the transitions in the quantizer ( ) are not subtracted to it. In the end, the original multilevel switching sequence can be retrieved.
B. VSM Block
To evaluate the MMC losses using the VSM concept, the analytical model is combined with a PWM modulator, from which the switching instants are fetched, as shown in Fig. 7 . The analytical expressions are evaluated over the simulation horizon for a given set of parameters and then loaded into 1D look-up tables. The modulation block is implemented with the single carrier and quantizer as illustrated in Fig. 6 . Multiple consecutive turn-ON or turn-OFF events, that happen in a multilevel switching pattern, are correctly handled by the VSM implementation that does not rely on a pair of physical switches. Then, the VSM constructs the signals that are routed to the loss tool. As the branch current, capacitor voltage, modulation index, and switching sequence are used as inputs, the VSM concept implementation is unchanged to account for changes in them. The switching instants are collected with the edge detection block (turn-ON and turn-OFF) and stored for further postprocessing and loss calculations. To verify the validity of this concept, a fully switched model of the MMC has been developed in PLECS, as presented next.
IV. MMC SWITCHED MODEL
To compare the analytical method based on the VSM concept with realistic waveforms from a fully switched MMC model, circuit simulations are performed with PLECS/Simulink. The comparison is carried with two modulation methods: 1) PD-PWM and 2) PS-PWM. The former is considered as a centralized modulation method, while the latter can be implemented in a distributed manner. The considered apparent branch switching frequencies are 3 kHz for PD-PWM and 2.95 kHz for PS-PWM. This corresponds to an SM switching frequency of 187.5 and 184.375 Hz, respectively. The presence of a branch balancing method is the underlying requirement for the derivation of the macroscopic level control diagram. The fundamental objective is to ensure an equal energy transfer between all SMs. They are briefly described hereafter for each modulation method.
A. PD-PWM
In order to control the SM switching frequency, the sorting algorithm is not run at every sampling time but rather at every switching event. It is inspired from the reduced switching frequency method proposed originally in [16] . This prevents the insertion of additional switching events that would be induced by a sorting algorithm executed at the apparent branch switching frequency, with group swapping between the bypassed and inserted SMs. Regarding its practical implementation, it is possible to avoid the sorting lists by a substitution with min/max searches, as in steady-state operation only one SM per branch is inserted/bypassed. This is particularly advantageous from a computational load point of view.
B. PS-PWM
Equal switching frequency among all SMs of the same branch is an inherent feature of PS-PWM, as a different carrier is assigned to each SM. On the other hand, it requires a modified branch balancing algorithm [17] , that can be partially circumvented in the case of noninteger frequency ratio between the grid frequency and the SM carrier frequency, as it leads to selfbalancing [5] . A simple proportional controller compares the instantaneous branch average capacitor voltage with the local averaged measurement and slightly modifies each cell modulation index reference, in combination with the sign of the branch current.
C. Control Diagram
The state-of-the-art MMC control is selected, according to [18] . It is implemented in a cascaded manner, with internal current controllers and external capacitor voltage controllers. The complete control diagram is shown in Fig. 8 . Unlike classical topologies, the control of an MMC can be divided into two parts: 1) the inner state variables control (circulating current and capacitor voltages) and 2) the external state variables control (AC grid current, DC voltage). Under the assumption of a working branch balancing algorithm, that ensures a controlled spread among the capacitor voltages within a branch, a macroscopic converter model can be advantageously used for control purpose. The capacitor voltage control is divided in two objectives: 1) the total energy control (TEC), which ensures that the total energy in the converter is kept constant as well as equally distributed between the three phase-legs and 2) the differential energy control (DEC), which ensures that the energy is equally distributed between the upper and lower branch of the same phase-leg. In the literature, TEC is also referred as horizontal balancing and DEC as vertical energy balancing [19] . 
D. MMC Waveforms in Closed-Loop
The relevant waveforms from the analytical model and from the closed-loop switched model are compared for various load angles and the two considered circulating current injection strategies in Fig. 9 . Aside from both the branch current ripple and capacitor voltage spread that cannot be captured in the analytical model, they are in very good agreement. This also demonstrates the performance of the control algorithm: A perfectly DC circulating current [see Fig. 9 
V. LOSS TOOL
To compare the results, a common loss tool collects the waveforms of interest either from the VSM or the fully switched model. The input waveforms are sampled at 200 kHz. The waveforms of interest are as follows: 1) the voltage across both upper and lower IGBTs; 2) the current through the IGBTs and the diodes as well as the capacitor current; 3) the switching instants, which are mandatory in order to determine the switching losses (functional description presented in Fig. 10 ). Details about the loss calculation are presented in the Appendix. Different semiconductor devices can be easily compared, as they are loaded from a database-though based on datasheet parameters. Multiple simulation sweeps for each device are not required, as device specific parameters are not required for the simulation. Proper scalings and interpolations are built into the loss tool, aiming to minimize the errors due to the limited number of sampled points provided for the switching loss energies. Additional calculated data provided as outputs are also indicated at the bottom of the loss tool. 
VI. VERIFICATION AND COMPARISON
To provide a complete analysis of the error between the VSM method and the loss values obtained from the detailed switched model, extensive simulations for different operating points are carried. The losses are computed in the positive branch of phaseleg a, but any of the other branches could have been selected. The waveforms are recorded over ten fundamental AC grid periods before the loss tool is invoked, in order to mitigate the instantaneous loss difference between the SMs. The average losses per SM are obtained from the VSM (representing a complete branch) by simple division by the number of SMs in a branch. As it can be seen in Fig. 11 , the semiconductor losses (the same stands for capacitor losses) are well balanced across all the SMs within a branch. Consequently, from now on only the mean value is considered. A subset of results, with one load angle per modulation method and circulating current harmonic content, is presented in Table II . As it can be seen, the semiconductor losses obtained using the VSM are in good agreement with each SM from the detailed switched model. The conduction losses are very accurately estimated by the VSM method, as based on the branch current RMS value, which is unaffected by the branch current ripple. The switching losses are less accurately estimated by the proposed method. The reason behind is that they depend on the instantaneous switched branch current and SM capacitor voltage. The accuracy dependency is inversely proportional to the apparent branch switching frequency. However, as the switching losses are few orders of magnitude smaller than the conduction losses, the overall semiconductor losses are in good agreement. The complete results, for each modulation method and circulating current injection strategy, are presented in Fig. 12 . The left-hand side stacked bars correspond to the VSM method and the right-hand side stacked bars to the averaged semiconductor losses of the switched model. The split of different loss contributions in function of the load angle φ can be easily identified. At the same time, the loss split and the overall losses are almost identical to the results obtained from the VSM concept, demonstrating that the MOD block is able to correctly capture and compress the original switching patterns. Similarly, the averaged capacitor losses are presented in Fig. 13 . The relative errors plots on the total averaged semiconductor and capacitor losses are presented in Fig. 15 and are computed as
Given the assumption required for the VSM concept, a very good accuracy is obtained, as the loss estimation error is below 2% for both semiconductor and capacitor losses. The source of this error comes from the branch current ripple and the SM capacitor voltage spread that are not captured by the VSM. These could be mitigated by an enhanced analytical description which goes beyond the objectives of this work. It is important to state that the branch current ripple envelope is not simply dependent from the instantaneous branch modulation index, apparent switching frequency and branch inductance value. Similarly, the capacitor voltage spread is not linearly proportional to the apparent branch switching frequency or average capacitor voltage ripple (as shown in Fig. 3 ). The proposed concept could be easily extended to include thermal considerations of the MMC design, however this is outside the scope of the presented work. The VSM allows for a very fast evaluation of the MMC SM's stresses, while considering directly the influence of the circulating current control strategy and impact of different modulation schemes. A benchmarking of the simulation times for obtaining the inputs of the loss tool (as the execution of the loss tool is negligible) between the VSM concept and a switched model has been performed on the same computer. The results are shown in Fig. 14.
VII. CONCLUSION
Starting from a set of relatively simple branch current and voltage equations, with deterministic circulating current injection strategy enabled by a circulating current controller, the averaged MMC converter waveforms were derived. Those waveforms were used as inputs for the semiconductor loss tool in combination with the proposed VSM concept. The proposed concept was compared with switched models of the MMC under two PWM modulation schemes: 1) PD-PWM and 2) PS-PWM. A compression of a large number of switching pulses is required for the application of the VSM concept, which can be easily realized with a quantizer and one suitable carrier. It was shown that there is a good agreement between the predicted (analytically) and obtained (switched) converter waveforms in steady state, under the conditions of limited voltage spread among the capacitor voltages of the same branch and limited branch current ripple (compared to the branch current average value). With a higher apparent branch switching frequency, the impact of the assumptions associated with the VSM method is expected to be reduced. Moreover, the loss difference is within the usual safety margin that is taken for any industrial grade product during the design process. The speed gain is in the range of 600 between the semi-numerical and switched simulations. This significant gain is a real advantage for the VSM concept, as a complete converter loss map for any possible operating point can be obtained almost instantaneously. The necessity to run loss calculation in closed-loop operation is fully justified by the particular role of the circulating current in an MMC, and with the aid of the VSM concept, this problem is significantly simplified without any loss of information.
APPENDIX
To evaluate the losses, either from the PLECS switched model, or the VSM concept, relevant information is captured (e.g., turn-ON event, turn-OFF event, device voltage and current). The losses are split between conduction and switching losses (turn-ON, turn-OFF, and diode reverse recovery losses) and calculated using (7)- (11) . As datasheet curves for the switching energies are used, the data points are interpolated for calculationp 3 stands for piecewise cubic interpolation: (11) where T window is the window of time over which the losses are computed. The 1.9 mF capacitor bank is realized with six 400 V electrolytic capacitors. Only ohmic losses from equivalent series resistance (ESR) are considered and used for the capacitor loss calculation in the loss tool
